Aging in men is associated with loss of bone mass, impaired physical function and altered body composition. The objective of this proof-of-concept randomized, double-blind, placebo-controlled, parallel-group, single-center trial was to determine the relative effects of testosterone (T) and estradiol (E 2 ) on bone mineral density, body composition, and physical performance in older men. The primary outcome was lumbar spine bone mineral density (BMD), and secondary outcomes were body composition, muscle strength, gait speed, and sex hormone concentrations. Forty three men (age range, 65-82 years; mean age 71 years) with low total T levels <350 ng/dL were randomized to one of three groups: 5 g transdermal testosterone gel (TT) (N = 16), anastrozole (AI) 1 mg (N = 14) or placebo daily (N = 13) for 12 months. Outcomes were assessed at baseline, 3, 6, and 12 months. Both TT and AI increased serum TT levels (>500 ng/dL, p < 0.05) compared to baseline; T values remained stable throughout the duration of the trial. At 12 months, TT improved the primary outcome of lumbar spine BMD (p < 0.01).Both interventions improved knee strength at 12 months compared to baseline (p < 0.05) while lean body mass significantly increased only in the AI group at 6 and 12 months (1.49 AE 0.38 kg, p < 0.01; 1.24 AE 0.39 kg, p < 0.05, respectively) compared to baseline. Interestingly, TT improved fast gait speed at 3 and 12 months (p < 0.01, p < 0.05, respectively). In summary, this proof-of-concept study confirms that aromatization of T is required for maintaining BMD in older men with low-T levels. The trial also uncovered the novel finding that aromatization of T is required for improvement in fast gait speed, an observation that needs to be verified in future studies.
INTRODUCTION
Testosterone (T) levels in men decline with age (Harman et al., 2001 ) and this decline is associated with loss of lean body mass (LBM), muscle strength, and bone mineral density (BMD) observed in most individuals as they age (Jackson et al., 1992; Katznelson et al., 1996; Behre et al., 1997) . Studies of testosterone replacement therapy (TRT) in older men have shown inconsistent benefits (Spitzer et al., 2013) . In spite of this, T prescriptions written for middle-age and older men in the absence of pituitary and testicular disease have risen exponentially (Basaria, 2013) despite recent concerns regarding adverse effects of TRT (Bhasin et al., 2011; Finkle et al., 2014) .
Hence, increasing endogenous T by using aromatase inhibitors (AI) has recently drawn some interest. As estrogen (E) is a potent inhibitor of the gonadal axis, inhibition of E synthesis by AI results in an increase in gonadotropins, which, in turn, stimulate the testes, resulting in an increase in circulating T levels. The main focus of this work was to evaluate the effect of both testosterone and estradiol in male skeletal health as male hypogonadism is associated with loss of BMD. Although previous studies have investigated the role of AI on skeletal effects in older men with low T (Burnett-Bowie et al., 2009), however; they did not directly compare AI with TRT to determine what effects of T replacement are mediated via its aromatization. Furthermore, none of the studies evaluated the effects of AI on muscle strength or gait speed.
In this proof-of-concept study, we evaluated differential effects of transdermal testosterone (TT), AI, and placebo on body composition, bone mass, muscle strength and gait speed over 1 year in older men with age-related low serum T levels.
MATERIALS AND METHODS

Study subjects, recruitment, and eligibility
Community dwelling men aged 65 years and older with total circulating T levels <350 ng/dL on a fasting morning samples obtained between 7 and 10 am were enrolled. The trial was conducted at the National Institute on Aging (NIA)/NIH Intramural Research Program and was approved by MedStar Harbor Hospital IRB/NIH repository 11-AG-N079; ClinicalTrials.gov Identifier: NCT00104572. Subjects were required to have normal circulating levels of gonadotropins, prolactin, parathyroid hormone, and prostate-specific antigen levels ≤4.0 ng/dL. Men with hematocrit <36%, mini-mental status examination score <24, polycythemia, osteoporosis, history of stroke, history of diabetes, uncontrolled high blood pressure, severe benign prostatic hypertrophy, recent acute coronary syndrome, severe arthritis, history of knee, or hip joint replacement were excluded. They were also excluded if using bisphosphonate, selective estrogen receptor modulator or any anabolic agents. Subjects were requested to refrain from drinking more than 30 g of alcohol daily rousing any tobacco product for the study duration. All participants provided written informed consent.
Study protocol
The study was a double-blind, randomized, placebo-controlled trial of 12 months duration. Thirty seven subjects were randomized to three groups: transdermal T gel (Androgen) 5 g/ day and placebo tablet (TT-group) (n = 16); Anastrozole (Arimidex) 1 mg/day and placebo gel (AI-group) (n = 14); placebo tablet and placebo gel daily (placebo) (n = 13) in a 1:1:1 ratio fashion. Randomization was generated by computer. Study outcomes were assessed at baseline, 3, 6 and 12 months. Dose adjustments were performed by the unblinded research pharmacist who also assessed compliance. The target range for serum TT was between 500 and 1000 ng/dL. A single dose adjustment was performed 6-weeks after randomization. If the TT dose was <500 ng/dL in any subject, the dose was increased by 2.5 g daily and reciprocal 'sham increase' with the placebo gel was performed in either the AI-group or the placebo group to maintain the blind. Seven participants in the TT-group had an increase in dose (to reach a cumulative dose of 7.5 g daily). Safety monitoring included measurements of hematocrit, hemoglobin, prostate-specific antigen, digital prostate examination, transrectal prostate ultrasound, and assessment of adverse events. Compliance was determined by counts of used and unused tablets and gel packets. All enrolled subjects were also provided calcium (1500 mg) and vitamin D (600 IU) daily for the duration of the study.
Primary endpoint
Bone mineral density and body composition. Femoral neck and lumbar spine BMD, lean body mass (LBM), and fat mass (FM) were measured, using dual-energy X-ray absorptiometry (DEXA) (Lunar Prodigy Advance, GE Healthcare, Madisson, WI). All DEXA scans were read by a single operator and analyzed using ENCORE 2006 software version 10.51.006 (GE Healthcare, Madisson, WI) for body composition analysis.
Secondary endpoints
Strength assessments. Grip strength was measured in both hands using a Jamar Hand dynamometer (Sammons Preston, Inc., Warrenville, IL). The hand dynamometer was calibrated to known weights and three trials were conducted for each hand. The highest value of the six measures was recorded.
Concentric knee flexion and extension strength were measured using Kin-Com Kinetic Communicator (Chattecx, Chattanooga, TN) and the Biodex Medical Systems (Shirley, NY). The highest value from three maximal efforts which were separated by 30-second rest intervals was used as the maximum concentric knee flexion and extension strength (Simonsick et al., 2001; Walsh et al., 2008) . Measurements from the Kin-Com were standardized to those of the Biodex with the calibration equation, which was calculated from data collected in 100 subjects evaluated with both methods.
Gait speed. Gait speed was measured according to a previously validated standard protocol (Simonsick et al., 2001; Schrack et al., 2012) and was analyzed in meters per second. Participants walked in a straight line in an uncarpeted corridor between cones placed 15 m apart in one direction at their fastest speed without running (fast gait speed) for the return trip.
Laboratory methods. Both T and E 2 levels were measured by liquid chromatography tandem mass spectroscopy as previously described (Thienpont et al., 2008) . Bioavailable T was measured using ammonium sulfate precipitation method (Manni et al., 1985) . Sex hormone-binding globulin (SHBG) was measured using the electrochemiluminescence method (Loric et al., 1988) .T detection limit was 2.5 ng/dL and intra-assay coefficient of variation (CV) was 3.5%; inter-assay CV 5.3%; bioavailable T detection limit was 4.7 mg/dL; intra-assay CV 2.0%; inter-assay CV 2.3%; E 2 detection limit was 1 pg/mL; intra-assay CV 7.1%; inter-assay CV 9.2%; SHBG detection limit was 10 nM; intraassay CV 2.3%; inter-assay CV 1.8%. LH (luteinizing hormone), and FSH (follicle-stimulating hormone) were measured by ELISA with magnetic beads from Millipore (Chicago, IL): minimum detectable concentration of FSH and LH 0.01 AE 0.02 mL U/mL; intra-assay CV <10%; inter-assay CV <15%.
STATISTICAL ANALYSIS Sample size adequacy
The comparison of placebo (n = 13) to TT (n = 16) and AI (n = 14) had 80% power to detect mean differences in changes in BMD from baseline to 12 months of 1.03 SD and 1.05 SD, respectively, assuming an intraclass correlation of 0.50 and using a chi-square test (with type I error of 0.05) derived from linear mixed-effects regression models. These effect sizes are considered large (Cohen, 1988) as is consistent with the pilot studies. We anticipated an SD of 0.140 g/cm 2 for BMD (Kenny et al., 2001 ). Therefore, we have adequate power to detect differences in changes of BMD of 0.144 g/cm 2 between placebo and TT, and of 0.147 g/cm 2 between placebo and AI.
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Analysis Baseline characteristics were compared across the three study groups, using ANOVA (Tables 1 and 2 ). Assessment of the normality of the data was done by creating histogram and frequency distribution and by performing the Shapiro-Wilk test. For each participant and each endpoint, changes from baseline to each follow-up time point were computed. These changes were regressed on the baseline value of the endpoint, treatment group, time, and treatment group-by-time interactions, using linear mixed-effects models for repeated measures with random intercepts. Mean changes from baseline, and differences in changes between groups, were calculated using model estimates. The primary analysis of all endpoints (primary and secondary endpoints) involved assessing differences in changes over time between study groups using the likelihood ratio chi-square tests of interaction terms derived from the models. The secondary analysis of all endpoints involved assessment of differences in changes between groups at each individual time point (Tables 2  and 3 and Figs 2 and 3). All analyses were unadjusted for multiple comparisons owing to the objective of this trial as a pilot proof-of-concept study and the clear hierarchy of primary and secondary endpoints. All reported p-values are two-sided. The p-value (p) <0.05 was considered statistically significant. Data are presented as means AE SEM (standard error of the mean).
RESULTS
Baseline characteristics and study completion
We assessed 429 men for eligibility of which 133 men had T levels < 350 ng/dL. We randomized 43 men. Baseline characteristics of the participants are summarized in Table 1 . The groups were well-matched at baseline and none of the outcome parameters were statistically different. The majority of the men were overweight. Some participants withdrew before week 6 of the study, two men in the placebo, three in the TT-group and one in the AI-group. The study was completed by 37 participants. The study flow is summarized in the CONSORT diagram (Fig. 1) . 
Serum hormones
Changes in sex hormones, gonadotropins, and SHBG levels in the three groups at 3, 6, and 12 month visits are shown in Fig. 2 . In both the TT and AI groups, T levels significantly increased from baseline and were maintained in the a priori determined range throughout the course of the study. As expected, bioavailable T levels increased in both treatment groups. E 2 levels significantly increased in the TT-group and decreased in the AI-group. SHBG levels did not change during intervention in any of the groups. Suppression of gonadotropins was seen in the TT group compared to placebo (p < 0.0001) whereas an increase was seen in the AI-group.
Bone mineral density (BMD)
At the 12-month time point, the increase in lumbar spine BMD in the TT-group (0.042 AE 0.008 g/cm 2 ; p < 0.01) and placebo group(0.047 AE 0.013 g/cm 2 ; p < 0.0001) was greater than in the AI group (0.008 AE 0.012). The average femoral neck BMD was similar between the three groups at baseline and did not change significantly over the course of the study (Table 2) . Table 3 Changes over time in hand grip and lower extremity strength Figure 1 Recruitment of participants and study completion. The schema is showing participants invited for screening and assessed for eligibility, common reasons for exclusion, numbers of eligible participants randomized to placebo, transdermal testosterone and aromatase inhibitor, reasons for withdrawal from the study, and final numbers of participants in each group. LH, luteinizing hormone, PSA, prostate-specific antigen.
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Body composition
Although LBM increased in both of the intervention groups, it only reached statistical significance in the AI group in which LBM increased by (1.2 AE 0.6 kg) at 12 months. Similarly, the reduction in FM was only significant in men on AI (1.8 AE 0.6 kg) at 12 months. However, across groups, these changes were not statistically significant (Table 2) .
Muscle strength
The knee extensor strength increased significantly in both the AI and TT-groups; however, the changes between the groups were not statistically different. Compared to baseline, the knee flexor strength also increased in both the treatment groups but not in the placebo group. However, changes over time in knee flexor strength were also not significantly different among the three groups. Hand grip strength did not change in any group (Table 3) .
Gait speed
At 12 months, the fast gait speed in the TT group was significantly increased by 0.18 AE 0.08 m/when compared to baseline. The fast gait speed remained stable in the placebo group, while it declined in the AI group. Fast gait speed was significantly different between the treatment groups (p = 0.042), but no statistical difference was observed between the placebo vs. TT-group (p = 0.57) or between the placebo vs. AI-group (p = 0.25) (Fig. 3) .
DISCUSSION
This is the first proof-of-concept randomized-controlled trial investigating the effect of TT, AI, and placebo over 12 months on a range of outcomes in older men with low T levels. Additionally, to our knowledge, this is the first intervention study that has examined the effects of an aromatase inhibitor on muscle mass, muscle strength, and physical performance (gait speed) in older men. The findings of this study are made all more convincing by its strengths of design, including blinding, placebo control, concealed randomization, and the parallel-group design. Randomization effectively generated three groups that were similar in baseline characteristics. Screening and on-treatment T levels were measured using LC-MS/MS, the current standard of measurement. At baseline, mean total and free T levels were well below the lower limits of established norms in communitybased samples and validated against outcomes in epidemiologic studies (Bhasin et al., 2011) . T dose was adjusted and was effective in increasing T levels into the target range. Lastly, validated (E 2 ) were Placebo vs. TT-group p < 0.0001, TTgroup vs. AI-group p < 0.0001; for (F) were Placebo vs. TT-group p < 0.0001, TT-group vs. AIgroup p < 0.0001.The comparison includes baseline values as a covariate. Placebo N = 9, TT-group N = 13, AI-group N = 13. tools were used to evaluate outcome measures. Although the study was small, its strengths and findings provide ample motivation for a future confirmatory trial in a larger sample.
After 12 months, we found AI treatment was associated with lower lumbar spine BMD compared to TT and placebo group. Our results confirm previous reports that aromatization of T to E is important for the male skeleton. For example, a previous 12-month study in older hypogonadal men treated with AI also showed lower lumbar spine BMD compared to placebo (Burnett-Bowie et al., 2009) . Although previous studies of older men have shown that T treatment increases lumbar spine BMD (Amory et al., 2004; Leder, 2007) , we were unable to find a significant difference between the TT and placebo groups, perhaps because small sample size. We speculate that the increase in lumbar spine BMD in placebo could be attributed to oral calcium and vitamin D intake. Indeed, daily intake of 500 mg calcium and 700 IU vitamin D for 1 year by men >65 years increased BMD in lumbar spine (Dawson-Hughes et al., 1997) .Our findings support the notion that sufficient E levels in older men is an important contributor to bone density (FalahatiNini et al., 2000; Gennari et al., 2003; Amory et al., 2004; Rodriguez-Tolra et al., 2013; Argoud et al., 2014) .
LBM increased in both intervention arms but was only statistically significant in the AI group. Our findings confirm previous observations that increase in LBM is primarily an androgendependent process (Katznelson et al., 1996; Srinivas-Shankar et al., 2010; Finkelstein et al., 2013) and does not require aromatization to E 2 . Men in the AI group lost 1.8 kg of FM. These findings are in contrast to those reported in a recent study by Finkelstein et al. showing that estradiol is obligatory to achieve loss of body fat (Finkelstein et al., 2013) . These differences, at least partially, can be explained because of differences in age and baseline body composition of the participants in the two trials. In fact, T treatment is known to decrease FM in several studies. Contrary to other studies (Isidori et al., 2005; Hamilton et al., 2011; Frederiksen et al., 2012) , the reduction in FM was not statistically significant in our trial; this could be because of the small sample size of our proof-of-concept study.
We did not observe a significant improvement in hand grip strength. Interestingly, in women, treatment with AI has been associated with loss of grip strength (Crew et al., 2007; Lintermans et al., 2011) . Other studies in elderly men have demonstrated that T treatment improves hand grip strength (Sih et al., 1997; Page et al., 2005) . Our sample included healthy older men and the lack of improvement in hand grip strength might be as a result of the low-ceiling effect. However, both TT and AI treatment were associated with increased muscle strength. These data suggest that aromatization of T is not required in mediating its effects on muscle strength, as reported by another recent dose-response study in men aged 20-50 years (Finkelstein et al., 2013) .The increase in muscle strength of >5 N-min in our study has been associated with improved physical function (Kenny et al., 2010; Srinivas-Shankar et al., 2010; O'Connell et al., 2011) .
Slow gait speed has been associated with increasing mortality in older individuals (Studenski et al., 2011) , illustrating the importance of preserving walking speed. The observed gait speed in healthy individuals ranges from 0.5 to 1.9 m/s with an average of 1.1 AE 0.2 m/s (Schrack et al., 2012) . In this study, participants had no mobility difficulties and yet a significant improvement in fast gait speed was observed in the TT group within subjects. Fast gait speed improved in the TT group but decreased at 6 months in the AI group. At 3 and 6 months, the difference in fast gait speed between the two treatment groups was statistically and clinically relevant as meaningful changes in gait speed in older individuals is considered to be 0.05 m/sec (Perera et al., 2014) . Interestingly, the reduction in gait speed in the AI group did not persist at 12 months. The gait speed is a function of neuromuscular unit as a whole (not just skeletal muscle). It is conceivable that decreased production of estradiol has an initial impact on the performance of the neuromuscular unit, which later adapts, leading to recovery. Not all observational studies in elderly individuals are in agreement in respect to the association between T or E levels, and physical performance including walking. Some studies found total T levels positively associated with walking speed (Araujo et al., 2008) but not with E (Araujo et al., 2008; Schaap et al., 2008; LeBlanc et al., 2011) while other studies are contradictory (Schaap et al., 2008) . Our findings suggest that reduced levels of E 2 are unfavorable for walking speed, however; these findings should be confirmed in future interventional studies.
This study has some limitations. First, this study has a small sample size. Nonetheless; we were able to find statistically and clinically significant changes in the major outcomes of this trial. Second, circulating E 2 levels may not reflect levels in the tissues. Third, we administered vitamin D and calcium to prevent exaggerated bone loss to all participants. We recommend larger mechanistic studies to validate our findings.
In summary, the primary contribution of this trial is contrasting the effects of TT and AI on physiological functions in older men. These data highlight the novel finding regarding the 38 Andrology, 2016, 4, 33-40 importance of E 2 in walking speed. We also confirmed that serum E 2 is essential in the maintenance of bone mineral density. Once these findings are confirmed in large prospective trials, the modalities of raising serum testosterone levels in older androgen-deficient men can be individualized to achieve benefit on the desired organ system.
